Exiguobacterium aurmtiacum, a facultative alkalophile, can maintain a ApH of up to 1.7 pH units, acid inside, and can rapidly adjust the cytoplasmic pH (pHi) in response to a shift in external pH (pH,), demonstrating effective pHi homeostasis. The presence of Na+ accelerated the attainment of a new steady-state pHi during a shift in the alkaline direction but slowed the attainment of new steady state following a shift in pH, in the acid direction. Measurements of internal Na+ following the addition of 6 mM-NaC1 to cells incubated under conditions whereby the cells either could (+0.68 mM-NaC1) or could not (0-08 mM-NaC1) regulate pHi indicated that pHi exerted some feedback control over Na+ influx. A model for the involvement of Na+ in pHi regulation comprising an electrogenic Na+/H+ antiporter and a sodium influx channel regulated by pHi is proposed. Intrinsic to this model is the suggestion that the Na+/H+ antiporter is not the sole site of feedback control by pHi.
Introduction
Bacteria utilize H+ and Na+ gradients as major intermediates in energy transduction (Mitchell, 1966; Unemoto et al., 1990) while being constrained to regulate the cytoplasmic pH within narrow limits. These conflicting demands on the cell necessitate a sophisticated interplay of gradients of H+, of Na+ and of ions such as K+, which have other roles in cell physiology. The specific processes involved are gradually being elucidated, but how these processes are controlled to effect the regulation of the cytoplasmic pH (pH,) in bacteria has remained elusive. For neutralophilic bacteria, study of one component involved in pH homeostasis, the Na+/H+ antiporter, has recently gained momentum with the cloning of the ant gene which encodes Na+/H+ antiporter in Escherichia coli (Karpel et al., 1988) . That more than one component is involved in the regulation of pHi is neatly conceptualized by the mathematical model studies of Macnab & Castle (1987) .
A role for the Na+/H+ antiporter in achieving net acidification of the cytoplasm has been well established for many alkalophilic bacteria (see Krulwich et al., 1990 f Present address: Department of Molecular Genetics and Cell Biology, 920 East 58th Street, University of Chicago, Chicago, IL 60637, USA.
for a review). Non-alkalophilic mutant strains of Bacillus have been isolated that can no longer grow well above pH 9.0 and have also lost Na+/H+ antiporter activity (Koyama et al., 1986; Krulwich et al., 1982) . In addition, variants of Bacillusjrmus RAB have been isolated which have increased ability to grow in the presence of lower concentrations of Na+ at alkaline pH. These variants possess increased Na+/H+ antiport activity relative to the parental type (Krulwich et al., 1986) .
Many strains of alkalophilic bacilli, with the exception of Bacillus firmus (Krulwich et al., 1982) , have no demonstrable Na+ requirement for growth, presumably due to the high affinity of transport systems for this cation. In contrast Exiguobacterium aurantiacum, which was isolated from effluent from lye potato-peeling processes where Na+ is in abundance (Gee et al., 1980) , possesses Na+ transport systems with lower affinity for Na+ and exhibits a measurable Na+ requirement for growth. This growth requirement is paralleled by a defined Na+ requirement for pHi homeostasis in whole cells (McLaggan et al., 1984a) . E. aurantiacum cells incubated in Na+-free medium at pH 9.6 have a pH, which is 0.4 pH units more alkaline than in the presence of Na+ and exhibit a controlled acidification of pH, upon addition of Na+. The rate and extent of the initial acidification depend upon the external Na+ concentra-tion but the final pHi value is the same in all cases (McLaggan et al., 1984a) .
In addition to achieving net acidification of the cytoplasm by the exchange of internal Na+ for external H+, the Na+/H+ antiport also serves to maintain the transmembrane Na+ gradient; it is therefore unlikely that the Na+/H+ antiport of alkalophilic bacteria is regulated solely in order to control pHi (Booth, 1985) . In this paper we report an investigation of the relationships between Na+ movements and pHi control in E. aurantiacum. 
Methods
Organism and growth conditions. Exiguobacterium aurantiacum gen. nov., sp. nov. (NCIB 11798) (Collins et al., 1983 ) was grown at pH 9.0 on glucose-containing media at 37 "C with shaking (McLaggan et al., 1984~). Exponential phase cells were harvested and washed three times in appropriate buffer by centrifugation (4000g; 10 min); the final cell suspension was kept on ice until required. CHES was purified by crystallization from ethanol to reduce the amount of contaminating Na+.
Measurement o f p H , .
The pH gradient was determined from the transmembrane distribution of the weak base [ 14C]methylamine using a centrifugation-based assay (Kroll & Booth, 1981) . Unless stated otherwise, cells were incubated (2 mg dry wt ml-I) at 25 "C in CHES/KOH buffer (100 mM) at the appropriate pH in the presence of (NH4),S04 (1 mM), [3H] Internal 22 Na+ determinations. Intracellular Na+ was determined by a modification of the centrifugation technique used to monitor pHi. The details of the incubation assay are given in the figure legends. Duplicate samples (500 pl) of the incubation medium were centrifuged (12000 g; 1 min) through 800 pl Ficoll (0.2 mM) (dialysed) in CsCl (100 mM) layered over 200 pl bromododecane in Eppendorf centrifuge tubes. This procedure minimized binding of extracellular ,,Na+ and rapidly separated the pelleted sample from the supernatant which was subsequently aspirated together with the Ficoll/CsCl and oil layers. The pellet, resuspended with 30Opl buffer was transferred to a scintillation vial and counted in 4 m l Picoflur 15 scintillation fluid (Packard) using a Phillips series 4700 liquid scintillation counter.
Determination ofbound 22Na+. Cells in CHES/KOH buffer (100 mM), pH 9.5, plus glucose (10 mM) were treated with 0.3% toluene, a concentration sufficient to permeabilize the cells (McLaggan, 1984) and the distribution of 22Na+ was monitored as described above at high [ 9 6 mM-22Na+; 0.1 Ci mol-l (3-7 GBq mol-I)] [0.1 rnWz2Na+; 1.0 Ci mol-I (37 GBq mol-')I external Na+. At both Na+ concentrations 2zNa+ associated with the cell pellet was 24% higher than that calculated for equal equilibration across the cell membrane. This value was used to correct for bound 22Na+.
External Na+ concentrations. The concentration of contaminating Na+ in the medium was measured using a flame photometer (EEL).
Materials.
Inulin and CHES were obtained from Sigma. All other chemicals were from BDH (KOH was of Aristar grade). All radiochemicals were purchased from Amersham. Fig. 1 . Control of pH, following pH shifts of different magnitudes. Cells (2 mg dry wt ml-l) were suspended in CHES/KOH buffer (50 mM), (NH4),S04 (1 mM), glucose (10 mM) and incubated in the presence of NaCl at different pH, values as follows: A, 1 mM-NaC1, pH 8.66; A, 1 mM-NaC1, pH 8.86; 0 , 1 mM-NaC1, pH 9.25; 0 , 10 mM-NaC1, pH 9.77. pH, was adjusted to pH 9.6 ( + KOH), 9.5 (+ choline base), 9.7 (+ KOH) and 9.0 (+ HCI), respectively, at the time indicated by the arrow.
Results

Response of pHi to shifts in pH,
We have previously shown that the presence of Na+ in the incubation medium allows E. aurantiacum to attain a lower value of pHi (McLaggan et al., 1984a). We sought to extend this analysis to look at the ability of E. aurantiacum to regulate pHi following perturbations of the external pH (pH,) in both the acid and alkali directions in the presence and absence of Na+ (Figs 1 and  2 ). When the external pH was shifted in the presence of Na+ from values in the range pH, 8-6-9.8 to values from 9.0-9-6, the resulting pHi value was 8.3-8.45 irrespective of the initial values of pH, or whether pH, was increased or decreased (Fig. 1) . Thus E. aurantiacum exhibits a relatively tight control over pHi in the presence of Na+. In three separate experiments, pH, was shifted both with and without Na+; in each case pHi was perturbed to a greater extent (0.1-0.2 pH units) in the absence of Na+. Fig. 2 shows representative examples of these experiments. A pH shift in the alkaline direction increased pHi from 8.1 to 8-5 in the presence of Na+ and from 8-4 to 8.9 in the absence of Na+ (Fig. 2a) . Following a pH shift in the acid direction, pHi decreased from 8.6 to 8.3 in the presence of Na+ and from 9.1 to 8.6 in the absence of Na+ (Fig. 2b) . Thus, in the absence of Na+ pHi varied with pH, to a greater extent than in the presence of Na+. The rapidity with which pHi adjusted to a new steady-state value after the shift in pH, appeared to be influenced both by the direction of the pH, shift and by the presence or absence of Na+. A new steady-state pHi was reached within 1 min of a pH, shift in the alkaline direction in the presence of Na+ (see also Fig. l) , whereas in the absence of Na+, the attainment of a new steady-state pHi was reproducibly slower and was only observed 3-4 min following the shift in pH, (Fig.  2a) . In contrast, following a shift to a more acidic pH,, a reproducible transient overacidification followed by recovery to the regulated value of pHi was observed only in the presence of Na+ ions (Fig. 2b ).
Na+ transport during p H homeostasis
We determined the intracellular Na+ levels during pH homeostasis to establish the extent of control of Na+ transport exhibited by E. aurantiacum. Cells were initially suspended in the presence of 0.08 mM-Na+, a level insufficient for pH homeostasis to be achieved (McLaggan et al., 1984a) . We subsequently raised the Na+ concentration to a level which permitted pH homeostasis (Fig. 3) . A rapid Na+ influx occurred which was followed by Na+ expulsion (Fig. 3) . The rapidity of Na+ transport coincident with pH acidification suggested that the relative activities of the Na+ entry and exit pathways were controlled. The shift in pHi consequent upon Na+ addition was a candidate for regulating Na+ movements.
To determine whether the Na+ entry and exit pathways were influenced by pHi, the experiment was repeated using cells which could initially attain a lower cytoplasmic pH prior to being subjected to an increase in external Na+ as described above. These cells, initially incubated with 0.68 mM-Na+ and able to regulate pH, to 8.4 (McLaggan et al., 1984a) were shifted to 6mM external Na+ (Fig. 3) . This increase in external Na+ elicited a smaller initial increase in internal Na+ than that elicited in cells which had an initial pHi of about 8.8 and were incubated in 0.08 mM-Na+ (Fig. 3) . The same steady-state internal Na+ concentration was subsequently attained by both cell suspensions (Fig. 3) . The smaller initial increase in internal Na+ occurring under conditions where pH homeostasis is achieved is consistent with either decreased Na+ entry or activation of Na+ exit by a more acidic pHi, since the initial internal Na+ concentrations were similar in both cases. However, it is clear that Na+ entry is not prevented by lower pHi, it is simply that the extent of net Na+ entry is curtailed.
Changes in pHi during Na+ transport
When excess Na+ was added to cells pre-incubated with 1 mM-Na+ there was relatively little change in the pHi of the cells (Fig. 4) , but the addition of 20 mM-KCl caused a small initial increase in pHi. In a similar experiment at a pH, of 9.6, an increase in pHi of 0.14 was observed within 1 min of the addition of 100mM-KC1; pHi then returned to the initial value over the next 10min. Addition of 100 mM-NaC1 caused a gradual increase of 0.07 pH units over 3 min with pHi remaining at the higher level (data not shown). This effect of KCl was also observed for cells incubated in the absence of Na+ (McLaggan et al., 1984b) . In the latter case, pHi remained at the more alkaline level and did not return to the initial value prior to KCl addition as was observed in the presence of 1 mM-Na+ (Fig. 4) . The effect of KC1 addition suggests that K+ entry may be linked to an ability to raise pHi. These results are consistent with Na+-independent components acting to prevent excessive acidification of the cytoplasm consequent upon Na+ cycling. Fig. 4 shows that there is little perturbation of pHi when cell Na+ abruptly increases due to an increase in external Na+ (Fig. 3) .
Further evidence for the existence of components in addition to Na+ cycling which affect pH homeostasis is shown in Fig. 5 . The addition of 10 mM-Na+ to cells preincubated in the absence of added Na+ or glucose led to the attainment of a pHi value which was lower than that obtained in the presence of glucose. The overshoot in pHi observed in the presence of glucose was not evident (Fig.  5a) . In a similar experiment, the internal 22Na+ concentration and pHi were determined simultaneously following the addition of 0.5 mM-NaC1 to cells incubated in the absence of added Na+ or glucose (Fig. 5b, arrow) . The parallel measurements of internal Na+ and pHi showed that upon subsequent addition of glucose (Fig.  5b, arrow ii) , an increase in pHi occurred, and that this increase was accompanied by further Na+ extrusion. Since Na+ extrusion via the Na+/H+ antiport would be expected to acidify the cytoplasm these results point to the presence of a component additional to those of the Na+ cycle in pHi modulation in E. aurantiacum. 
Discussion
Acidification of the cytoplasm via a Na+/H+ antiport requires that Na+ be available in the cytoplasm of the cell to be exchanged with H+. The mechanism by which Na+ entry is effected must be a major component of a Na+-dependent pHi homeostatic mechanism (Booth, 1985) . We have established that rapid Na+ entry occurs during Na+-dependent acidification of the cytoplasm of E. aurantiacum. The entry of Na+ appears to be independent of other solutes since only glucose, NH;, Mg2+, C1-and buffer components are present (Fig. 3) . Our results show that glucose was not required for Na+ entry (Fig.  5 b) . Na+-dependent acidification of the cytoplasm is also independent of the presence of (NH4)2S04, MgS04 and C1-(McLaggan 1984) . In the absence of obvious Na+-dependent transport systems functioning during these experiments we propose the presence of a specific Na+ p H homeostasis in an alkalophilic bacterium 17 13
channel. Thus pH, would be controlled by the relative activities of the Na+ entry route and the Na+/H+ antiport, each of which may be modulated by pH,. Control of components of this Na+ cycle is apparent from Fig. 3 where cells with a lower initial pH, exhibit a smaller peak in internal Na+ despite a similar initial (at time zero) imposed gradient. Although this may represent either activation of an antiport or inhibition of entry by low pH,, the latter explanation is favoured on thermodynamic grounds : we have previously shown (McLaggan et al., 1984a ) that pre-incubation with Na+ increases the magnitude of ApH (acid inside) and of A$ (inside negative) leading to a constant protonmotive force (Ap). However, the driving force for an electrogenic antiport of the type xNa+/yH+, where x and y are the numbers of ions transported respectively, and where
x < y , is dominated by the pH gradient; an increase in the pH gradient (interior acid) will result in a reduction in the driving force for the antiport with a consequent reduction in its maximum activity; on this basis increased activity of the antiport when pH, is lower seems unlikely. The only caveat to this argument is that if the activity of the antiport is constrained by pH, per se and is relatively independent of the protonmotive force, its activity could then be seen to increase with low pH, despite the reduction in AFH+. Teleologically, one can argue that in the context of a well-ordered system, it makes more sense for the antiport to be more active when pH, is high and for the rate of Na+ entry to be constrained by low pH,. An overshoot of pH, in the acid direction could be elicited by manipulating the medium in two ways: by pre-equilibrating cells in the presence of Na+ and shifting to a lower pH,, or by pre-equilibrating cells in the absence of Na+ and shifting to a higher Na+ concentration (Figs 2 and 5) . The extent of the pH, overshoot was greatest in the second case when a transition from low-to-high Na+ was made. The overall balance of Ap protonmotive force under such conditions changes in favour of A$, which on thermodynamic grounds should increase the activity of the antiport. The overacidification of the cytoplasm would be consistent with such increased activity, but only if Na+ is available inside the cell. Such conditions could occur at high values of pH, and would be consistent with excessive Na+ influx due to an open pH,-regulated Na+ channel.
The presence of a putative Na+ channel in other alkalophiles can also be predicted on the basis of existing data. In Bacilfusjirrnus RAB, the addition of Na+ to cells incubated at a high pH in the absence of Na+ results in an acidification of the cytoplasm which is independent of the presence of the non-metabolizable Na+ co-transportable solute AIB (Krulwich et al., 1984) . In contrast, when cells are initially equilibrated at a lower pH, in the absence of Na+, and then subjected to an alkaline pH shift, the presence of AIB together with Na+ at the time of the pH shift was more effective than the presence of Na+ alone in maintaining a relatively acidified cytoplasm (Krulwich et al., 1984) . These results appear consistent with our interpretation of a low pHi limiting Na+ influx via a Na+ channel: the rate of Na+ cycling would be low at low pH prior to the pH shift, and thus the presence of AIB would offer an additional means of Na+ entry and initially permit the cells to maintain a lower pHi following the alkaline pH shift; when the cells were equilibrated at a high pHi under conditions of low Na+ the rate of Na+ entry would be maximized by the high pHi and hence the presence of AIB would offer no advantage to the cell since the Na+ cycle would already be operating under optimum conditions.
It is also clear from the data presented in Fig. 5 that the Na+ cycle is not the only component of pH homeostasis and may not be the major site of pHi control. Thus pH homeostasis, but not the entry and exit of Na+, is dependent upon glucose. At present it is not clear what the additional component might be; however, by precedent, K+ cycling is one option. Certainly, addition of K+ to cells leads to an alkalinization of the cytoplasm in the presence or absence of Na+ (Fig. 4 and McLaggan et af., 1984 6, respectively). These observations illustrate the potential of K+ in generating pH, shifts in the alkaline direction.
Thus, pHi homeostasis in alkalophiles may involve the contribution of alkalizing and acidifying cycles based upon different cation (Na+ and K+) fluxes rather than exclusively Na+ flux.
